A functional memory T cell pool is critical for resistance to pathogen reinfection. Lymphopenia produces memory-like CD8 ؉ T cells through homeostatic proliferation, and such ''HP-memory'' cells can control lethal bacterial infections similarly to conventional, antigen-experienced, memory T cells. These 2 pathways for memory T cell generation are quite distinct. We show here, however, that similar factors are required for production of protective memory CD8 T cells via both homeostatic and conventional pathways. Induction of protective HP-memory CD8 T cells requires CD4 ؉ T cell ''help,'' which we show is antigen nonspecific yet requires CD40L-CD40 interactions with host cells. The functional competence of HP-memory CD8 T cells also requires release of endogenous bacterial components (which follows irradiation-induced lymphopenia), potentially mimicking the role of adjuvants in conventional immune responses. Lymphopenic environments lacking these key factors support similar CD8 T cell homeostatic proliferation and the acquisition of memory phenotype, yet the HP-memory cells generated are defective in pathogen elimination. These findings suggest unexpected parallels in the requirements for generating protective memory CD8 T cells by distinct pathways, and they suggest ways to bolster immune competence during recovery from lymphopenia.
T he establishment of a sustained, functional CD8 ϩ memory T cell pool is critical for protective immunity against many pathogens and tumors (1) . Typically, memory T cells are generated after priming by a foreign antigen, with the memory population appearing as the effector pool declines. However, in response to T cell lymphopenia, naïve T cells slowly proliferate and transition to a memory-like state in a process termed ''homeostatic proliferation'' (HP) (2) . Unlike conventional memory T cells, which are induced in response to foreign peptide-MHC complexes and inflammatory cues, ''HP-memory'' T cells are produced in response to homeostatic cytokines (IL-7, IL-15) and engagement with selfpeptide-MHC complexes (1, 2) . Furthermore, the conversion from naïve to HP-memory cells does not appear to pass through an effector cell stage or the expansion and contraction phases typical of conventional immune responses. Nonetheless, these HP-memory T cells display phenotypic and functional characteristics of antigenexperienced memory cells (2) , including the ability to control lethal bacterial infection (3) .
HP-memory T cells arise during lymphopenia induced by irradiation or genetic T cell deficiency, making this process relevant for therapeutic strategies designed to reconstitute the immune system, such as after cancer therapy. Indeed, lymphopenia can augment the antitumor response following adoptive T cell immunotherapy approaches (4) (5) (6) . In addition, lymphopenia occurs during infection with various pathogens (7, 8) , and some (for example, HIV) induce sustained T cell depletion. Finally, lymphopenia occurs in physiological situations: during ontogeny of the immune system, T cell numbers are low and there is evidence that very young mice support the production of HP-memory cells derived from naïve precursors (9) (10) (11) . Hence, HP-memory T cells may be produced in response to various lymphopenic episodes and could contribute to future immune responses. Therefore, it is important to determine the functional characteristics of this pool and their therapeutic potential.
Much is known about the requirements for efficient generation of conventional memory CD8 ϩ T cells. Naïve T cells require stimulation through the T cell receptor (TCR) by foreign peptide-MHC ligands, engagement of costimulatory molecules, and cytokines (such as IL-12 or type I IFN) that enhance the T cell response (12) . Adjuvants, such as Toll-like receptor (TLR) agonists, are important for enhancing antigen presentation and production of cytokines, such as IL-12. Furthermore, it has become clear that CD4
ϩ T cells play a key role in generating effective memory CD8 ϩ T cells in response to cellular and microbial antigens.
The requirements for the production of effective HP-memory CD8 ϩ T cells are much less well defined. We recently demonstrated a role for CD4 ϩ T cells in the generation of protective HP-memory CD8 ϩ T cells (3) . We observed that proliferation of naïve CD8 ϩ T cells in lymphopenic hosts occurs regardless of the presence of CD4 ϩ T cells, but that the protective capacity of the resultant HP-memory CD8 ϩ T cells was dramatically impaired when they were generated in the absence of CD4 ϩ T cells (3) . This finding may be especially relevant to situations of sustained lymphopenia and CD4 depletion (e.g., in HIV/AIDS), where the protective function of CD8 ϩ T cells may be compromised. However, the mechanism by which CD4 ϩ T cells offer ''help'' to CD8 ϩ T cells during HP is not understood.
In this study we address the basis by which both CD4 ϩ T cells and factors induced by lymphodepletion dictate the protective function of HP-memory CD8 ϩ T cells. Our data suggest unexpected parallels in the requirements for regulating function of both HP-and conventional-memory CD8 ϩ T cells, and suggest ways in which lymphopenia can be harnessed to enhance therapeutic approaches.
the presence or absence of CD4 cells exhibit a similar potential for IFN-␥, TNF, and IL-2 production (3) and for cytolysis [supporting information (SI) Fig. S1 ] after TCR stimulation.
Some authors have proposed that OT-I T cells themselves might respond to MHC class II molecules (13) , and it was possible that this interaction (rather than the presence of CD4 ϩ T cells) was required for producing protective HP-memory T cells. To address this possibility, we tested the protective function of HP-memory OT-I T cells generated in CD4-deficient mice by using the same experimental approach as used previously (3) (illustrated schematically in Fig. S2 ). This approach allows assessment of protective function on a per-cell basis in the context of a normal animal. HP-memory OT-I T cells generated in B6 mice provided robust protective immunity, as expected (3). However, HP-memory OT-I cells produced in either MHCII-KO or CD4-KO mice failed to offer protective immunity beyond that of naïve OT-I T cells (Fig. 1A) . These data suggested that the lack of host CD4 ϩ T cells rather than class II MHC molecules was responsible for generation of dysfunctional HP-memory CD8 ϩ T cells. This system also provided an opportunity to selectively reconstitute the CD4 ϩ T cell pool during HP and test its effect on the protective function of OT-I HP-memory cells. We transferred naïve B6 CD4
ϩ T cells together with naïve OT-I cells into irradiated CD4-KO hosts. This led to a partial restoration of the CD4 compartment 3 weeks later (Fig. 1B) . As expected, transferred CD4 ϩ T cells underwent HP in the irradiated CD4-KO hosts, as documented by uniform up-regulation of the CD44 marker and carboxyfluorescein succinimidyl ester (CFSE) dilution (data not shown). We also noted that the yield of OT-I T cells at this time point was slightly improved as the number of transferred CD4 ϩ T cells was increased (data not shown). More importantly, we found that cotransfer of as few as 10 6 polyclonal CD4 ϩ T cells led to acquisition of protective function by HP-memory OT-I T cells produced in CD4-KO hosts (Fig. 1C) . These data show that ''add-back'' of CD4 ϩ T cells into lymphopenic CD4-KO hosts can provide help for the protective function of HP-memory CD8 ϩ T cells. This approach allowed us to address whether CD4 T cell TCR specificity was important for their provision of help to HP-memory OT-I cells. CD4-KO mice were irradiated and adoptively transferred with naïve OT-I cells and either polyclonal B6 CD4 ϩ T cells or TEa TCR transgenic CD4 ϩ T cells (specific for the E ␣52-68 peptide in the context of I-A b ; ref. 14) . Both polyclonal and TEa transgenic T cells proliferated in CD4-KO hosts and up-regulated CD44 (data not shown). Furthermore, the protective function of the resultant HP-memory OT-I cells was similar regardless of whether polyclonal or TCR transgenic CD4 ϩ T cells were used (Fig.  1D) . Similar findings were obtained in preliminary experiments using OT-II (15) rather than TEa TCR transgenic CD4 ϩ T cells (data not shown). These data suggested that the TCR specificity of the CD4 ϩ T cell pool is irrelevant to its ability to help drive development of protective HP-memory OT-I.
The timing of CD4 help is important in conventional CD8 ϩ T cell immune responses. For example, cognate help by CD4 ϩ T cells is thought to occur during the initial activation of naïve CD8 ϩ T cells by antigen-presenting cells (APCs), and it may involve coordinated interaction of both T cell types with the same dendritic cell (DC) (16) . On the other hand, CD4
ϩ T cells can influence survival and function of conventional memory CD8 ϩ T cells during the memory maintenance phase (17) . Hence, we asked whether the induction of CD8 ϩ T cell HP and the provision of help could be temporally separated. OT-I CD8 ϩ T cells were transferred on day 0 (sublethal irradiation being on day Ϫ1), and polyclonal wild-type CD4 ϩ T cells were transferred at various time points during the remaining lymphopenic phase. As expected, CD4 ϩ T cell numbers and the extent of proliferation and CD44 up-regulation were dependent on the time spent in the lymphopenic hosts, such that all of the CD4 ϩ T cells had divided multiple times if transferred on day 0, and few had divided if transferred on day 25 ( Fig. 2A) . Surprisingly, after transfer of equal numbers of HP-memory OT-I T cells into new hosts and infection with LM, we found that as little as 1 week of contact with CD4 ϩ T cells (i.e., transfer on day 21) was sufficient to significantly improve the protective capacity of the HP-memory CD8 ϩ T cells (Fig. 2B ). We also asked the distinct question of whether the function of ''unhelped'' HP-memory OT-I cells could be restored by CD4 ϩ T cells in nonlymphopenic hosts. In our standard approach (Fig. S2) , we tested the protective function of HP-memory OT-I cells 1 day after adoptive transfer into normal B6 mice, which may not be sufficient time for CD4 ϩ T cells to rescue the function of unhelped HP-memory cells. However, we found that unhelped HP-memory OT-I T cells were still nonprotective after being ''parked'' for 7 days in normal B6 mice (Fig. 2C ). Together, these experiments suggest that the lymphopenic setting is important for delivery of CD4 ϩ T cell help in this system. Our data demonstrate that reintroduction of CD4 ϩ T cells into the lymphopenic setting, regardless of specificity and even late in the proliferative response by CD8 ϩ T cells, has a positive impact on the functional development of HP-memory OT-I cells.
CD40 -CD40L Interactions Are Required for Optimal HP-Memory T Cell
Protective Function. A prominent mechanism of CD4 ϩ T cell help for conventional CD8 ϩ T cell responses (especially during responses to nonreplicating antigens) is through the CD40-CD40L pathway, in which CD40L on responding CD4
ϩ T cells engages CD40 on DCs, prompting DC maturation and ''licensing'' for naïve CD8 ϩ T cell activation (18) (19) (20) (21) . To explore the importance of the CD40-CD40L pathway in HP-memory generation, we initially tested the protective function of HP-memory OT-I cells created in CD40-KO hosts. These studies revealed a profound functional defect in HP-memory OT-I T cells generated in CD40-KO hosts (Fig. 3A) . It is worth noting that CD40-KO animals have a normal-sized CD4 pool (data not shown), suggesting that the mere presence of CD4 ϩ T cells is not adequate to provide help for the HP-memory CD8 ϩ T cells. In an alternative experimental approach, we tested the impact of agonistic anti-CD40 antibodies on OT-I HP-memory cells generated in MHCII-KO hosts. Interestingly, this treatment led to acquisition of protective function of ''helpless'' HP-memory OT-I cells, suggesting that CD4 help could be replaced by direct stimulation of CD40 on host cells during HP. Consistent with these data, HP-memory OT-I cells generated in CD40L-KO mice also failed to provide protection against LM-OVA infection (Fig. 3B ). These studies did not address whether CD40L expression on CD4 ϩ T cells themselves was important for helping HP-memory CD8 ϩ T cells. Using the CD4 add-back approach, we cotransferred OT-I T cells together with either wild-type or CD40L-KO CD4 ϩ T cells into irradiated CD4-KO mice and tested the protective function of the resultant HP-memory OT-I cells. These studies indicated that CD40L-deficient CD4 ϩ T cells were markedly impaired compared with their wild-type counterparts in providing help to HPmemory OT-I cells (Fig. 3C) . However, CD40L CD4 ϩ T cells could offer some help when transferred at high numbers, implying additional CD40L-independent functions. Together, these data argue that CD40-CD40L interactions are important for CD4 help during the development of functional HP-memory CD8 ϩ T cells.
Exogenous IL-12 Substitutes for CD4 Help in Inducing Protective
HP-Memory CD8 ؉ T Cells. One mechanism by which CD40-CD40L interactions can enhance immune responses is to cooperate with other signals to induce production of IL-12 by DCs (22, 23) . Furthermore, homeostatic expansion is enhanced by increasing levels of IL-12 (24) . Hence, we tested whether exogenous IL-12 could substitute for CD4 help during CD8 ϩ T cell HP. CFSElabeled OT-I cells were adoptively transferred into sublethally irradiated B6 or MHCII-KO hosts. Mice were then treated for 3 days with IL-12. As previously reported (24), we found a large increase in both the number of OT-I cell divisions (Fig. 4A ) and the total number of recovered OT-I cells in B6 mice treated with IL-12 ( Fig. 4B ). There was also enhanced proliferation of OT-I cells in MHCII-KO mice (Fig. 4A ) although, surprisingly, the total number of recovered OT-I cells was not increased (Fig. 4B) , suggesting impairment in HP-memory OT-I survival in the MHCII-KO hosts. Nevertheless, the protective function of unhelped HP-memory OT-I cells was restored by IL-12 treatment during HP (Fig. 4C) , suggesting that IL-12 can substitute for CD4-mediated help to HP-memory CD8 ϩ T cells.
Bacterial Release After Sublethal Irradiation Provides a Signal for
Functional HP-Memory CD8 ؉ T Cell Development. We reported previously that HP-memory CD8 ϩ T cells generated in genetically T-deficient animals (e.g., Rag-KO or TCR␣-KO hosts) were not protective against LM, unlike HP-memory cells produced in irradiated hosts (3). Although this difference relates partly to the lack of CD4 ϩ T cells in genetically T-deficient hosts, we considered that there could also be positive effects of irradiation on the differentiation of HP-memory CD8 ϩ T cells. Indeed, a recent report showed that sublethal irradiation leads to a transient appearance of bacterial products in the blood, DC activation, production of inflammatory cytokines, and increased potency of T cells in tumor immunotherapy (4) . This was correlated with release of commensal microbes into the bloodstream, and treatment with antibiotics before irradiation blunted the T cell response in those studies (4) . Similarly, we noted elevated levels of LPS in the serum of mice on days 1, 6, and 15 after irradiation, whereas inclusion of broadspectrum antibiotics before irradiation prevented this rise in serum LPS (Fig. 5A) . We next tested whether such antibiotic treatment influenced the protective function of HP-memory OT-I cells. Naïve OT-I T cells proliferated similarly in antibiotic-treated and untreated groups of irradiated mice (Fig. 5B ) and were phenotypically indistinguishable (data not shown). Unexpectedly, in vitro peptide stimulation and analysis of cytokine production revealed that fewer cells from antibiotic-treated mice were able to produce TNF (Fig.  5C ), although similar numbers of HP-memory OT-I cells made IFN-␥ (Fig. 5C ) and IL-2 (data not shown). We also noted a decreased mean fluorescence intensity in the TNF ϩ population from antibiotic-treated mice. (Fig. S3A ). More importantly, the HP-memory OT-I T cells generated in antibiotic-treated hosts showed a dramatic impairment in protective immunity against LM-OVA (Fig. 5D) . Regardless of treatment, the HP-memory OT-I T cells expanded similarly by day 5 after infection ( contributes to the generation of functional HP-memory CD8 ϩ T cells.
Our data to this point indicated that 2 factors were critical for development of functional HP-memory CD8 ϩ T cells: CD4 ϩ T cell-delivered CD40L signals, and acute bacterial release resulting from sublethal irradiation. Genetically T-deficient mice, such as Rag-KO animals, would lack both components, and they offered an opportunity to test this model by reconstitution of each factor.
Naïve OT-I cells were transferred into Rag-KO animals, some of which were irradiated and/or adoptively transferred with polyclonal CD4 ϩ T cells. OT-I proliferation was robust in all of these hosts, although it was enhanced in the irradiated animals (data not shown). Assessment of in vitro HP-memory function revealed defects in IFN-␥ and TNF production by OT-I HP-memory cells produced in Rag-KO hosts and Rag-KO hosts that were sublethally irradiated (Fig. 6A, 6C, and Fig. S4 ). Consistent with our previous observation (3), HP-memory cells from Rag-KO mice failed to provide protection against LM-OVA challenge in secondary hosts (Fig. 6B) . Alteration of the lymphopenic hosts by irradiation or CD4 ϩ T cell transfer alone did not significantly enhance the ability of HP-memory CD8 ϩ T cells to provide protective immunity, but the combination of irradiation and CD4 ϩ T cell transfer led to dramatic enhancement of protective immunity, and several challenged mice had no detectable bacteria in the spleen (Fig. 6B) . Similarly, protective HP-memory cells were generated in Rag-KO mice that had been irradiated and injected with IL-12 (Fig. S5) . Interestingly, IL-12 treatment of unirradiated Rag-KO hosts did not yield protective HP-memory CD8 T cells. Together, these data support the conclusion that CD4 ϩ T cells (and/or IL-12) cooperate with signals induced by released bacterial components (arising from sublethal irradiation) to drive generation of fully functional HPmemory CD8 ϩ T cells.
Discussion
In this report, we examined what is required in the lymphopenic environment for development of fully functional, protective HPmemory CD8 ϩ T cells. At its minimum, HP involves proliferation and conversion of T cells from naïve to memory phenotype (2). However, our findings here and in previous studies (3) demonstrate that HP-memory CD8 ϩ T cells with similar division histories and phenotypic profiles can exhibit drastically different capacities for protective immunity. The data in this report suggest that optimal protective function of HP-memory CD8 ϩ T cells depends on specific components in the lymphopenic environment, including the presence of CD40L-expressing CD4 ϩ T cells and exposure to bacterial components (which can be induced by sublethal irradiation).
We determined that optimal CD4 ϩ T cell help for HP-memory CD8 ϩ T cells was not limited by antigen specificity (since both monoclonal and polyclonal CD4 ϩ T cells were similarly potent), but did require CD40L expression and could be replaced by antibodymediated stimulation of CD40. These data suggest that, similar to conventional immune responses, CD40L-CD40 interactions between CD4
ϩ T cells and APCs (perhaps DCs) are likely involved during help for HP-memory CD8 ϩ T cells. CD40L is induced after CD4 ϩ T cell activation, yet we did not observe up-regulation of CD40L during HP in lymphopenic hosts (data not shown). However, a recent study demonstrated that even naïve CD4 ϩ T cells express cell surface CD40L (which in normal mice is downmodulated by engagement with CD40; ref. 25) . Hence, we speculate that the basal CD40L-CD40 interaction, which occurs at a steady state in lymphoreplete animals, may become functionally important during lymphopenia.
A second signal was influenced by the nature of the lymphopenic environment. Others have demonstrated that bacterial release after low-dose irradiation regulates T cell control of tumors during immunotherapy (4) . Here, we provided additional evidence for this conclusion and demonstrated its relevance for homeostatic (as opposed to antitumor) responses, because the presence of bacterial products in the lymphopenic host supports generation of protective HP-memory CD8 ϩ T cells. Presumably, other cytoablative approaches, including chemotherapy, may exert similar effects, although this possibility needs to be determined directly. Such findings suggest that there may be crucial differences in the ''quality'' of the HP-memory pool depending on the ''type'' of lymphopenic environment in which it was generated. Importantly, our data suggest that the signals generated by irradiation-induced release of bacterial products are distinct from the contribution of CD4 T cells or IL-12. For example, we found that either CD4 T cells or IL-12 could drive production of protective HP-memory CD8 T cells in irradiated Rag-KO hosts, but not in unirradiated Rag-KO hosts (Fig. 6 and  Fig. S5 ). The pathway activated by irradiation-induced bacterial release is unclear, although studies in the tumor immunotherapy model suggest an important role for the LPS receptor TLR4 (4) . In this context, lymphopenia induced by irradiation or by acute infection might have similar efficacies in supporting the production of functional HP-memory CD8 ϩ T cells by introduction of microbial products into the bloodstream. On the other hand, in situations where lymphopenia is not accompanied by acute release of microbial components, such as in genetically T celldeficient hosts (and perhaps in neonatal mice), HP-memory CD8 ϩ T cells may exhibit an impaired protective capacity.
Taken together, our data suggest that production of functionally protective HP-memory CD8 ϩ T cells involves many of the same factors required for functional conventional-memory CD8 ϩ T cells. During typical conventional immune responses to infection, APCs (chiefly DCs) are activated by pathogen-derived molecules (e.g., TLR ligands) and by CD40L-CD40 interactions (requiring CD4 help), which produce optimal DC activation (including production of functional IL-12) (22) , leading to effective CD8 responses (1, 18) . Similarly, we show that CD4 help, CD40-CD40L interactions, and release of bacterial components after sublethal irradiation contribute to production of protective HP-memory CD8 ϩ T cells and that exogenous IL-12 could ''bypass'' the requirement for CD4 ϩ T cells. Whether DCs themselves are required for generation of functional HP-memory cells is unclear. CD11c ϩ cells are sufficient (26) to induce the proliferation of T cells in a lymphopenic environment, but it has not been shown conclusively that they are required (27) . In preliminary experiments, we have seen that a portion of CD11c ϩ cells in the lymph node up-regulate CD40 and CD86 after irradiation (data not shown). Future work will be necessary to address the requirement for DCs both in respect to the induction of T cell proliferation and the acquisition of functional memory characteristics.
An unresolved question is the nature of the defect in HP-memory CD8 ϩ T cells that are unable to mediate protection. As we show here, this defect is not unique to unhelped HP-memory T cells. We note more extensive functional defects in T cells generated in Rag-KO animals and in antibiotic-treated irradiated mice, because in both cases these cells show reduced efficacy in production of inflammatory cytokines after TCR activation. However, we found similar cytokine production by helped and unhelped HP-memory CD8 ϩ T cells (3), and both pools are competent for differentiation into cytolytic cells (Fig. S1 ), yet these pools differ dramatically in protective immunity (Figs. 5 and 6) (3). Our previous studies (3) indicated a lack of CD4 ϩ T cell help could be compensated by TNF-related, apoptosis-inducing ligand deficiency in the OT-I T cells, but the mechanism by which TNF-related, apoptosis-inducing ligand functions in this model is not clear. The systems defined here for dissecting the requirements for establishing protective HPmemory CD8 ϩ T cell function will allow for future studies of this important issue.
Overall, our data suggest that provision of the same cues that stimulate conventional CD8 ϩ T cell responses (CD4 help, DC activation, inflammatory cues) promote protective function in HP-memory CD8 ϩ T cells. This information is relevant for enhancing (or inhibiting) CD8
ϩ T cell immune function in situations of lymphopenia, such as chemotherapy or radiotherapy and tissue grafts, as well as an adjunct in treatment of infectious diseases that induce lymphopenia.
Materials and Methods
Mice. Mice deficient for I-〈␤ b (''MHCII-KO''), Rag-2 (''Rag-KO''), CD4 ( '' CD4-KO''), CD40 (''CD40-KO''), and CD154 (''CD40L-KO'') were used as indicated. OT-I.PL (Thy1.1 ϩ ) mice were generated and maintained at the University of Minnesota. TEa TCR transgenic (14) Rag Ϫ/Ϫ mice were a kind gift from Marc Jenkins (University of Minnesota, Minneapolis, MN). Animals were maintained under specific pathogen-free conditions, and experimental procedures were approved by the University of Minnesota Institutional Animal Care and Use Committee.
Bacterial Infections and Clearance. Challenge with LM-OVA was performed as described previously (3) (also see SI Methods). Briefly, mice were infected i.v. with Ϸ2 x 10 5 CFU. Spleen and liver CFU were determined 5 days postinfection. The limit of detection (approximately 100 organisms) is indicated on graphs by a dashed line, and crosses indicate mice that died before day 5.
Adoptive Transfers and Flow Cytometry. Methods were as described previously (3) . The general adoptive transfer scheme is summarized in Fig. S2 , and details are provided in SI Methods. Briefly, naïve (CD44 low ) OT-I cells were transferred into indicated recipient mice, and in some cases CD4 ϩ T cells were cotransferred and/or the donor cells CFSE labeled. At 3-4 weeks, cells were recovered and a secondary transfer of ''HP-memory'' OT-I cells (or an equal number of naïve OT-I cells) was performed into intact B6 hosts, which were challenged with LM-OVA 1 day later.
In Vivo Treatments. After adoptive transfer, indicated host mice received anti-CD40 clone 1C10 (from eBioscience) (50 g administered i.p. on days 0, 7, and 14) or recombinant mouse IL-12 (a kind gift from Wyeth) (1 g administered i.v. on days 1, 2, and 3). Treatment with antibiotic-laced water (13 mg/L polymyxin B sulfate and 36.8 mg/L neomycin sulfate, both from Sigma) commenced on day Ϫ4 relative to irradiation.
